Primary adrenal insufficiency (PAI) is potentially life threatening, but rare. In children, genetic defects prevail whereas adults suffer more often from acquired forms of PAI. The spectrum of genetic defects has increased in recent years with the use of next-generation sequencing methods and now has reached far beyond genetic defects in all known enzymes of adrenal steroidogenesis. Cofactor disorders such as P450 oxidoreductase (POR) deficiency manifesting as a complex form of congenital adrenal hyperplasia with a broad clinical phenotype have come to the fore. In patients with isolated familial glucocorticoid deficiency (FGD), in which no mutations in the genes for the ACTH receptor (MC2R) or its accessory protein MRAP have been found, non-classic steroidogenic acute regulatory protein (StAR) and CYP11A1 mutations have been described; and more recently novel mutations in genes such as nicotinamide nucleotide transhydrogenase (NNT) and thioredoxin reductase 2 (TRXR2) involved in the maintenance of the mitochondrial redox potential and generation of NADPH important for steroidogenesis and ROS detoxication have been discovered. In addition, whole exome sequencing approach also solved the genetics of some syndromic forms of PAI including IMAGe syndrome (CDKN1C), Irish traveler syndrome (MCM4), MIRAGE syndrome (SAMD9); and most recently a syndrome combining FGD with steroid-resistant nephrotic syndrome and ichthyosis caused by mutations in the gene for sphingosine-1-phosphate lyase 1 (SGPL1). This review intends do give an update on novel genetic forms of PAI and their suggested mechanism of disease. It also advocates for advanced genetic work-up of PAI (especially in children) to reach a specific diagnosis for better counseling and treatment.
Introduction
Primary adrenal insufficiency (PAI) is rare in children and adults, but can have fatal consequences (1, 2, 3) . PAI is mostly due to genetic defects in children, whereas acquired forms are more prevalent in adults. PAI is defined as inability to produce sufficient glucocorticoids (GC) and/or mineralocorticoids (MC) in the adrenals. In contrast to PAI where the problem occurs at the level of the adrenals and leads to feedback stimulation of the regulatory hypothalamus-pituitary-axis (HPA) and the renin-angiotensin-aldosterone loop (RAA), secondary AI is caused by central defects leading to insufficient ACTH production that will not affect MC production regulated by RAA. Thus, diagnosis of PAI typically includes elevated production of ACTH and other pro-opiomelanocortin peptides, which lead to hyperpigmentation of the skin and the mucous membranes; besides that salt craving and other non-specific symptoms such as fatigue, failure to thrive and depression are characteristic. Delayed diagnosis of PAI is associated with lower health-related quality of life and increases the risk for life-threatening adrenal crisis. Guidelines for the diagnosis and treatment of PAI have just been published by the Endocrine Society (3) , and an expert review on diagnosis and management of secondary AI is also available (4) .
Both PAI and secondary AI may be caused by sporadic or inherited genetic defects (2) . They both occur in isolated form or as part of a syndromic spectrum and may manifest at birth or later in life. PAI was first described by Addison more than 150 years ago (5) . However, only 30 years ago first gene mutations underlying the disorder have been reported in patients with congenital adrenal hyperplasia (CAH) suffering from 21-hydroxylase (CYP21A2) deficiency, which is to date the most common inherited form of PAI (about 1:10 500 in Switzerland). This steroid enzyme and thus its gene is essential for both GC and MC production. According to OMIM 613815, two groups of investigators identified the gene and pseudogene of CYP21 within the MHC class III gene complex on chromosome 6 in 1985 (6, 7) . Meanwhile numerous disease causing sequence variations in the CYP21A2 gene have been reported, which cause classic salt-wasting or simple virilizing CAH with loss or severe inhibition of the 21-hydroxylase enzyme activity, or nonclassic, late-onset CAH with less severe enzyme inhibition (2, 8, 9, 10) .
As the biochemistry of adrenal steroidogenesis was solved before the involved genes became known ( Fig. 1) , patients harboring steroid disorders have been excellent experiments of nature to find and characterize new disease causing genes using a gene targeted approach. In fact, over the years and with the genome project completed in 2000 human mutations in almost all genes encoding enzymes of the steroid biosynthetic pathways of the adrenal cortex were described (Table 1) (2, 10) .
However, genetic work-up of patient with PAI did not only reveal defects in genes involved in adrenal steroidogenesis, but also revealed genetic mutations in genes involved in adrenal development (1) . Here the knockout mouse model of ftz-f1/sf1 pioneered the finding in humans. Disruption of ftz-f1/sf1 resulted in agenesis of adrenal glands and gonads manifesting as complete sex reversal in male and PAI in both male and female animals (11) . Soon afterwards the first human being harboring NR5A1/SF1 gene mutations was reported. A phenotypically female baby was diagnosed with PAI soon after the birth and was also found to have 46,XY sex reversal due to a heterozygote NR5A1/SF1 mutation (12) . Meanwhile numerous SF1 mutations have been reported in many individuals presenting with a broad range of phenotypes with respect to sexual development and reproduction that still remains unexplained (13) . However, interestingly PAI has been found to be a rare finding in patients with SF1 mutations. By contrast, individuals diagnosed with adrenal hypoplasia congenita (AHC) in childhood have been found to harbor mostly mutations in NR0B1/DAX1, a coregulator of transcription factor SF1 (14) . DAX1 is located on the X chromosome and may cause dosage-sensitive 46,XY sex reversal when duplicated, or may be part of a contiguous gene syndrome together with the Duchenne muscular dystrophy gene (DMD; OMIM 300679) and the gene for glycerol kinase deficiency (GKD; OMIM 307030). However, the typical phenotype of isolated DAX1 gene mutations is PAI and secondary hypogonadotropic as well as primary hypogonadism (14) . Adrenal dysgenesis has also been described with mutations in several other genes as part of a syndrome complex, e.g. in the Pallister-Hall syndrome due to GLI3 mutations or in the Pena-Shokeir syndrome due to DOK7 and/or RAPSN mutations (Table 1) .
Similarly, genetic work-up of patients with familial isolated glucocorticoid deficiency (FGD)/ACTH resistance revealed mutations in the ACTH receptor gene MC2R (15, 16) , an obvious candidate for causing PAI. MC2R is a G protein-coupled receptor which is almost exclusively expressed in the adrenal cortex that transmits ACTH stimulation to adrenal GC and androgen production as well as tissue growth and maintenance. Further studies of FGD patients not harboring MC2R mutations revealed mutations in the gene for MRAP, an accessory protein, which enables MC2R targeting and function and thus mimics the phenotype of loss of MC2R function (17) . Less obvious and thus only revealed by fine-mapping based on linkage disequilibrium analysis of two cohorts of families with PAI in the context of the Allgrove syndrome led to the discovery of the aladin gene/AAAS gene (18, 19, 20) . Aladin seems to impair redox homeostasis and thus steroidogenesis (21) and is involved in the formation of mitotic spindles and chromosome alignment (22) . Allgrove or the triple A syndrome combines PAI of the FGD type with alacrima, achalasia of the esophageal cardia and neurologic deficits that are similar to the neurological deficits seen with adrenoleukodystrophy, an X-linked peroxisomal defect caused by ABCD1 mutations (23) . Additional mutations in genes of peroxisomal and mitochondrial metabolism and of cholesterol synthesis have been identified in several, mostly multiorgan disorders/syndromes including the adrenals (e.g. Zellweger syndrome (PEX1) or Kearns-Sayre syndrome (mitDNA del)).
Finally, genetic defects causing autoimmunemediated PAI either as isolated adrenalitis or in combination with different types of autoimmune polyglandular syndromes (APS) have been described especially in adults (24) ( Table 1) . Mutations in the autoimmune regulator gene AIRE are responsible for APS-1, which typically combines PAI with hypoparathyroidism and chronic mucocutaneous candidiasis (25, 26) . By contrast, isolated PAI and APS-2 share the same pattern of complex inheritance (24) .
Although so far numerous mutations in many genes had been found to cause PAI, recent advances in genetics and molecular medicine have still revealed several new forms of inborn errors of adrenal GC production due to mutations in genes thus far unexpected to play a role. Disorders of the adrenal cortex have lately been reviewed in journal articles (for e.g. in 2, 3, 27, 28, 29) , and book chapters, e.g. (2, 30) , and are briefly summarized in Table 1 . This article intends to give an update on recently discovered, at first glance unsuspected genetic defects and their pathomechanism and characteristics of disease for PAI illustrating that the spectrum has become even more complex in the post-genomic era. The selection does not claim to be complete and sure enough additional genes will appear on the scene before long.
From enzyme to cofactor deficiencies
In principal, adrenal steroid hormones are produced by step-wise conversion of cholesterol to intermediates that serve again as substrates for specific enzymes to finally produce aldosterone, cortisol and androgens (Fig. 1) ; e.g. intermediate 17-hydroxyprogesterone (17OHProg) is converted to 11-deoxycortisol by CYP21A2 to finally yield cortisol, but it typically elevated with 21-hydroxylase deficiency CAH. After having found underlying genetic defects in all enzymes involved in steroidogenesis of the adrenal cortex (Table 1) , some patients manifesting with a complex profile of disturbed steroidogenesis remained still unsolved. Some of these patients presented with a biochemical profile of combined 21-hydroxylase (CYP21A2) and 17-hydroxylase (CYP17A1) deficiency (31) . It was therefore rightly hypothesized that the defect may lie in a cofactor (32) . Years later genetic mutations in P450 oxidoreductase (POR) were found in these patients (33, 34) . 
CLTA-4, HLA-DR3, HLA-DR4
Combination of autoimmune diseases not included in previous groups POR is the obligate electron transfer partner from NADPH to all microsomal type II P450 enzymes including CYP21A2, CYP17A1 and CYP19A1 of adrenal and gonadal steroidogenesis ( Fig. 2A) . It manifests with a very broad phenotype ranging from severely being affected and presenting with an Antley-Bixler syndrome with genital anomalies and PAI to almost being normal and just presenting with a mild PCOS-like phenotype (34, 35) . This broad phenotype makes the clinical diagnosis very difficult, but can be explained by several reasons. As POR is the essential electron donor to more than 50 human P450s, its impact may be vast and includes steroid and cholesterol biosynthesis and metabolism as well as drug and xenobiotics metabolism (35) . In theory, POR also supplies electrons to heme oxygenase, fatty acid desaturase and elongase, squalene-monooxygenase, cytochrome b5, sterol reductase and many others. The POR protein seems to interact with all its redox partners specifically. Therefore, POR mutations that do not disrupt the electron transfer chain from FMN to FAD within POR directly, but rather disturb the protein-protein interaction will affect different enzyme reactions to variable degrees. In addition, different POR mutations as such affect POR function to variable degrees. Generally, mutations that disrupt the electron transfer from FAD to FMN will affect all reactions severely. By contrast, some POR mutations have been found to inhibit some enzyme activities, whereas they do not affect or stimulate others (35) . So far, human POR mutations have been shown to affect adrenal and gonadal steroidogenesis and drug metabolism as well as bone formation, whereas effects on other redox partners' function remain to be elucidated. Adrenal insufficiency is often not very severe with POR deficiency as 21-hydroxylase activity is mostly not completely lost.
Similarly, a cofactor disorder has been described as the underlying cause for deficient enzyme activity of 11β-hydroxysteroid dehydrogenase type 1 (HSD11B1), which regenerates cortisol from cortisone in multiple peripheral tissues (Fig. 2B) (36) . Lack of HSD11B1 leads to relative cortisol deficiency, also known as cortisone reductase deficiency, and results in excess adrenal androgen production due to negative feedback control via the HPA axis. This disorder has thus a similar phenotype as non-classic, late-onset CAH, although it is not a primary adrenal disorder per se. So far, heterozygote mutations of HSD11B1 have been described in two unrelated boys presenting with hyperandrogenism and premature pseudopuberty (37) . However, because HSD11B1 activity depends on a high NADPH/NADP+ ratio, which is generated in vivo through the activity of microsomal hexose-6-phosphate dehydrogenase (H6PD), mutations of H6PD mimic the same clinical picture as HSD11B1 mutations. This cofactor disorder is therefore also known as apparent cortisone reductase deficiency (Fig. 2B) (36) . H6PD mutations illustrate the importance of the redox homeostasis for cortisol metabolism. Androgen excess is also a possible phenotype for human mutations in the cofactor 3′-phospho-adenosine-5′-phosphosulfate (PAPS) synthase 2 (PAPSS2, OMIM 612847) (38) . PAPS is the essential sulfate donor to all human sulfotransferases including SULT2A1, which converts adrenal DHEA to its sulfate ester DHEAS that is the most abundant steroid in circulation. Generation of PAPS requires PAPS synthase activities, both ATP sulfurylase and APS kinase (Fig. 2C) . As sulfation is a key to proteoglycan and thus extracellular matrix formation and thereby bone development and growth, human mutations of PAPSS2 have been observed first in individuals with disproportionate short stature due to spondyloepimetaphyseal dysplasia (39) . The hormonal phenotype of PAPSS2 deficiency (androgen excess due to elevated DHEA and very low DHEAS) may only be found when searched for. Premature adrenarche, pubarche, axillarchy in children and a profile for hyperandrogenic PCOS can hint for PAPSS2 mutations. However, cortisol production is normal with PAPSS2 deficiency. Therefore, it may not qualify for a disorder of PAI, but it is definitively to consider in the differential diagnosis of adrenal androgen excess.
A phenotype of androgen excess, but apparent GC deficiency is also seen with familial glucocorticoid resistance (OMIM 615962) due to mutations in the glucocorticoid receptor gene (NR3C1, OMIM 138040), in which the glucocorticoid receptor does not respond to cortisol stimulation (40, 41) . These patients have inappropriately high serum ACTH and cortisol levels, but no stigmata of Cushing's, and they present with chronic fatigue, androgen excess and arterial hypertension. Also, this disorder is not a primary adrenal problem, but manifests similarly.
PAI caused by disrupting the oxidative stress balance of the cell
That a well-balanced redox potential is important for the regeneration of cortisol in peripheral tissues has been illustrated by H6PDH deficiency. Evidence for the important role of the cellular redox homeostasis for adrenal steroidogenesis came more recently by advanced genetic work-up of individuals presenting with a phenotype of familial glucocorticoid deficiency (FGD), in which no mutations in MC2R, MRAP or the AAAS genes were found (27) . Next-generation sequencing (NGS) revealed mutations in genes so far not suspected to cause a phenotype of PAI and FGD (Fig. 3) .
FGD due to human mutations in the gene for nicotinamide nucleotide transhydrogenase (NNT) was first described in 2012 (42) ( Table 1) . It meanwhile accounts for approximately 10% of FGD. NNT is located in the inner mitochondrial membrane and is responsible for the generation of NADPH using the energy from the mitochondrial proton gradient (Fig. 3) . In the mitochondria, steroidogenic enzymes CYP11A1 and CYP11B2/1 depend on NADPH for the conversion of cholesterol to pregnenolone, 11-deoxycorticosterone to aldosterone and 11-deoxycortisol to cortisol respectively, supported by the cofactor system ferrodoxin reductase (FDXR)/ferrodoxin (FDX1) (10, 43) . Electrons from NADPH are accepted by the flavoprotein ferrodoxin reductase located at the inner mitochondrial membrane, which then transfers them to the iron/sulfur protein ferrodoxin forming a 1:1 complex. Thenc ferrodoxin dissociates with the electron load to form a next complex with the mitochondrial P450 (e.g. CYP11A1, CYP11B1/2). Overall, this electron shuttle seems rather inefficient. To date, no human mutations in FDXR or FDX have been described. However, NNT and NADPH do not only play a direct role in steroidogenesis, but are also very important in maintaining the right cellular balance of reactive oxygen species (ROS). ROS levels play a critical role in many cellular functions including stress response, immune reactions as well as cell proliferation, differentiation and apoptosis (44, 45) . ROS are mainly produced at complex I and III of the respiratory electron transport chain in the mitochondria by electron leakage. However, produced superoxides may be detoxified by two antioxidant systems, namely the glutathione peroxidase or the peroxiredoxin systems and their associated proteins, which both require NADPH. In the adrenal cortex, steroidogenesis requires high mitochondrial metabolic activity that feeds ROS production, whereas ROS may inhibit steroidogenesis through negative feedback to the steroidogenic acute regulatory protein (StAR) (46) . ROS has been shown to suppress StAR protein synthesis that is essential for transporting cholesterol into the mitochondria for the initiation of steroid hormone biosynthesis. Overall, it is therefore no longer astonishing that genetic defects such as NNT, which affects NADPH production and the cellular homeostasis of ROS lead to defective steroidogenesis. Thus, it was only a matter of short time that genetic mutations in other components of this system were found (Fig. 3) . Recently, human mutations in the TXNRD2 gene of the thioredoxin system have been described in three related patients manifesting at different ages with FGD (47) ( Table 1) . Genetic mutations in further components of the mitochondrial antioxidant system will follow without any doubt. Combined mutations in GPX1 and PRDX3 have already been identified in the cohort of FGD patients (48) .
Of note, PAI in syndromic disorders such as triple A syndrome and X-linked adrenoleukodystrophy (ALD) have both been linked to oxidative stress. However, the exact pathophysiology linking the defective nuclear pore protein complex in AAAS and the abnormal accumulation of VLCFAs in ALD to enhanced ROS generation remains unclear. An extensive review on oxidative stress and adrenocortical insufficiency has been recently published in this journal by the group of Lou Metherell (45) .
Novel syndromic forms of PAI
IMAGe syndrome was first defined in 1999 by the spectrum of intrauterine growth restriction, metaphyseal dysplasia, 
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www.eje-online.org congenital adrenal hypoplasia and genital anomalies (49) . Patients may also feature hypercalciuria and/or hypocalcemia, craniosynostosis, cleft palate and scoliosis (50) . Using a NGS approach, the underlying defect was identified in a rare autosomal-dominant single gene defect, CDKN1C (Table 1 ) (51). CDKN1C is part of an imprinted gene cluster on chromosome 11p15.5, which regulates prenatal and postnatal growth and development. It seems to play a major role in inhibiting cell-cycle progression. Normally, the paternal allele of CDKN1C is repressed by imprinting and only the maternal allele is expressed. Thus, specific mutations in the PCNA-binding domain of the maternally inherited allele of CDKN1C were found to cause IMAGe syndrome likely through a gain-of-function mechanism. By contrast, loss-of-function mutations in the CDK-binding domain and truncating mutations of the very same gene are known to cause the BeckwithWiedemann syndrome (OMIM 130650) manifesting with overgrowth and a predisposition to embryonal malignancies (e.g. Wilms tumor and hepatoblastoma). Similarly, advanced genetic work-up of an Irish cohort suffering from FGD and growth failure with frequent consanguinity revealed mutations in the MCM4 gene (Table 1) (52) . Affected individuals also showed increased chromosomal breakage and immunological anomalies (e.g. natural killer cell deficiency), which may make them more susceptible for neoplastic lesions. MCM4 is part of a protein complex for DNA synthesis in the S phase and therefore causes disordered DNA repair and replication. Why this leads to a rather specific and narrow phenotype remains unanswered.
Lately, MIRAGE syndrome due to genetic variants in the SAMD9 gene was reported in 11 patients presenting with myelodysplasia, infection, restriction of growth, adrenal hypoplasia, genital anomalies and enteropathy (53) ( Table 1) . SAMD9 is involved in endosome fusion and is reported to play a role in growth factor signaling transduction. Thus, heterozygote SAMD9 mutations seem to enhance its intrinsic endosome-fusing activity and may thereby lead to abnormal tissue development including dysgenetic and hypoplastic adrenal glands, ovaries and thymus.
Most recently, novel genetic mutations were identified in patients with a syndrome comprising of steroid-resistant nephrotic syndrome (SRNS) and PAI, optionally accompanied by ichthyosis, primary hypothyroidism, cryptorchidism, immunodeficiency and neurological anomalies. Using NGS on patient cohorts with FGD or SRNS respectively, two groups found concurrently the underlying genetic defect in the gene for sphingosine-1-phosphate (S1P) lyase 1 (SGPL1, OMIM 603723) (54, 55) . SGPL1 is the intracellular enzyme responsible for the final breakdown of sphingolipid (S1P). S1P regulates cell migration, differentiation, survival as well as angiogenesis and development. S1P may function as an activator of an extracellular signaling pathway mediated by G protein-coupled receptors, or as a direct intracellular second messenger (56) . The pathogenesis of SGPL1 deficiency within a target organ may result from (a) an excess of intracellular S1P; (b) an accumulation of other sphingoid bases; and (c) from S1P signaling through the S1P receptor (54) . Identified human SGPL1 mutations were shown to behave as recessive loss-of-function mutations affecting protein expression and localization, enzyme activity and thus degradation of long-chain sphingoids (54) . SGPL1 mutations were also shown to alter ceramide composition of cultured fibroblast of patients compared to that in controls. Also, reconstituted human missense mutations led to reduced viability and nephrocyte anomalies in Drosophila reminiscent to the podocyte phenotype seen in humans (54) . The pathomechanism of PAI in SGPL1 deficiency includes both compromised adrenal development as well as disrupted steroidogenesis (55 (27, 62) . In addition, some genetic defects may not manifest early in life as expected for inborn errors, but appear far beyond childhood only, when genetic disorders are generally not considered first.
Unsolved questions
Although many questions regarding PAI have been solved in the last two decades, there is still a lot more to discover and understand about adrenal steroidogenesis. To date approximately two-third of patients manifesting with PAI are genetically solved, but the pathogenesis of some forms is still not fully understood. The discovery of novel gene variants associated with human diseases will always ask for disease causing mechanisms for understanding gene functions. This is even more of a concern with NGS approaches where mostly too many genetic variations are found and an effective filtering strategy must be applied to find the 'needle in the haystack' to follow-up for eventually finding the disease causing genetic variant(s) (48) . In contrast, detailed studies of patients with genetic mutations have always provided unexcelled insight into human biology. In the following, few examples of unsolved specific questions concerning PAI, which we and others are currently addressing, are provided: (a) Why do most mutations of the NR5A1/SF1 gene not affect adrenal steroidogenesis in most affected individuals, and how can we explain that heterozygote mutations cause a very broad range of disorders of sex development? (b) Why did we not find genetic mutations in the cofactors ferrodoxin/-reductase (FDX1/FDXR, OMIM 103260 and 103270) supporting steroid enzymes such as CYP11A1 in FGD patients so far? (c) How come that some novel genes found in FGD patients that are known to have broad functions in cell growth, differentiation and metabolism manifest with an almost exclusive PAI phenotype? (d) Finally, what else causes FGD that still remains unsolved in almost 40% of cases?
Conclusion: Why bother with genetics of PAI?
In recent years the spectrum of genetic defects causing PAI has increased, but several defects manifest phenotypically indistinguishable (1, 2, 14, 28, 48 ). In addition, NGS approaches have revealed genetic variations in novel genes and have finally solved the diagnosis in several patients with PAI (27, 48) . It is therefore recommended to aim at a genetic diagnosis in patients with PAI, especially in familial cases, syndromic forms and young patients. Providing a rapid genetic diagnosis to patients suffering from PAI bears several advantages. First, a precise diagnosis can be offered and allows to provide clear information about disease spectrum and prognosis according to published literature and genetic databases. Necessary treatments may be started and unnecessary treatments stopped earlier, and screenings for accompanying disorders may be installed. Second, genetic counseling of affected individuals and their families is possible at a more advanced level and prenatal genetic testing and treatment can be offered. Third, genetic work-up of genetically unsolved patients and families harboring rare congenital disorders followed by in-depth studies of the biological implications has provided invaluable insight into normal biology and pathomechanisms of endocrine (and many other) disorders including PAI.
In the past, genetic work-up has been performed by the candidate gene approach, in which a single gene was studied exon by exon. This approach might still be valid for the genetic work-up of specific steroid enzyme defects characterized in details by steroid profiling. The candidate analysis has been followed by gene panels, in which a group of genes that are implicated with a specific phenotype such as PAI are investigated at once. With sequencing becoming easier (available) and cheaper, today's first approach for studying non-syndromic genetic conditions is often whole exome sequencing (WES), at least in the screening and diagnostic application. However, WES does not cover intronic sequences and is not the first choice for the detection of copy number variations, gene conversions or fusions, translocations or transversions, which are often associated with syndromic conditions. For that, other genetic analyses such as whole genome sequencing or array CGH may be applied. Most importantly, analysis of big data obtained by WES requires
